xtracorporeal membrane oxygenation (ECMO) is an invasive treatment modality used for patients with respiratory and cardiac failure refractory to maximal medical therapy. Despite technologic advances, hemostatic complications remain common during pediatric ECMO (1) . Hemolysis, the lysis of RBCs and subsequent release of hemoglobin into the plasma, remains a major problem (1) (2) (3) (4) (5) . Hemolysis is measured by elevated plasma free hemoglobin (PFH) concentration. Hemolysis occurs due to mechanical trauma and complement activation during ECMO (6) (7) (8) (9) . The frequency of hemolysis is likely underrecognized and underreported because PFH is not routinely measured at many centers (10) . In the Collaborative Pediatric Critical Care Research Network (CPCCRN) Bleeding and Thrombosis during ECMO (BATE) study, 32.9% of the entire cohort had hemolysis, and at sites where PFH was routinely measured, 57.5% had hemolysis (1) . Free hemoglobin in the plasma is cytotoxic, causes endothelial dysfunction, and consumes nitric oxide leading to vasoconstriction (9, 11) . Hemolysis during ECMO has been associated with renal injury, need for renal replacement therapy, thrombotic events, need for circuit component change, and mortality (1, 5, 8, 9) .
Risk factors for hemolysis are likely multifactorial but reports delineating these factors have been inconsistent. Concerns have been raised about pump-related factors (oxygenator type, venous inlet pressure, pump speed, cavitation, priming solution) (5, 8, 9, (11) (12) (13) (14) and patient-related factors (high hemoglobin) (15, 16) . Most reports of hemolysis during pediatric ECMO are in vitro laboratory simulations, retrospective single-center audits, or based on Extracorporeal Life Support Organization (ELSO) registry data. Prospective, multicenter data are needed to gain more accurate and generalizable knowledge. The objectives of this study were to describe factors associated with hemolysis during pediatric ECMO and the relationships between hemolysis, complications, and mortality.
METHODS

Design and Setting
The study was a secondary analysis of data from the BATE study (1) which described the frequency of bleeding and thrombosis in neonatal and pediatric ECMO patients. The BATE study collected prospective observational data at eight CPCCRN-affiliated hospitals between December 2012 and September 2014. Of these eight sites, only three routinely measured PFH during ECMO on at least 80% of study days; therefore, only these three sites were included in this analysis. The Institutional Review Boards for each hospital and the Data Coordinating Center at the University of Utah approved the study with waiver of parental permission.
Study Subjects
All patients less than 19 years old treated with ECMO in a neonatal, pediatric, or cardiac ICU were included in the BATE study (n = 514) (1) . Only the initial ECMO course was included for patients who required multiple courses of ECMO. The three sites contributing data to this analysis recruited 218 patients. Two of these patients had no PFH measurements and were excluded, leaving 216 patients.
Data Collection
Research coordinators collected data daily via direct observation, discussion with bedside clinicians, and review of medical records. Pre-ECMO data included demographics; body weight; history of prematurity; acute and chronic diagnoses; occurrence of an operative procedure or cardiopulmonary bypass (CPB) in the 24 hours prior to ECMO initiation; primary indication for ECMO; placement on ECMO directly from CPB or via an ex utero intrapartum treatment procedure; and clinical site. Demographics included age at ECMO initiation, sex, race, and ethnicity. Age was categorized as neonate less than or equal to 30 days, infant greater than 30 days to less than or equal to 12 months, child greater than 1 year to less than or equal to 12 years, and adolescent greater than 12 years to less than 19 years. Prematurity was less than 37 weeks gestational age at birth and collected for neonates only. Primary indication for ECMO was categorized as respiratory, cardiac, or extracorporeal cardiopulmonary resuscitation (ECPR).
ECMO setup and management data included mode of ECMO; type of pump; use of a venous reservoir; circuit or oxygenator biocompatibility coating; circuit priming method; heparin bolus dose for cannulation; total daily heparin dose; ECMO flow rates; use of therapeutic hypothermia; transfusion volumes; use of plasmapheresis; use of in-line hemofiltration or other continuous renal replacement therapy (CRRT); and location of ECMO within the hospital. Mode of ECMO was categorized as venoarterial or venovenous. Venovenous ECMO that was converted to venoarterial was categorized as venoarterial ECMO. Type of pump was categorized as roller head or centrifugal. Circuit priming method was categorized as blood or nonblood (clear) prime. ECMO flow rate and core body temperature were collected daily at 7 am. Because the use of therapeutic hypothermia was not recorded in the BATE study, therapeutic hypothermia was defined as a core body temperature less than or equal to 34°C for two consecutive days during the first 3 days of ECMO (17) . Transfusion volumes included daily volumes of RBCs, platelets, and fresh frozen plasma administered. Location of ECMO was neonatal, pediatric, or cardiac ICU.
Laboratory data included arterial blood gases, complete blood count, blood urea nitrogen, creatinine, total bilirubin, lactate, prothrombin time, partial thromboplastin time, international normalization ratio (INR), fibrinogen, activating clotting time, antithrombin III, antifactor Xa, and PFH. Baseline laboratory values were obtained closest and prior to ECMO initiation; daily laboratory values were obtained closest to 7 am on each ECMO day. Hemolysis was defined based on peak PFH levels and categorized as none (< 0.001 g/L), mild (0.001 to < 0.5 g/L), moderate (0.5 to < 1.0 g/L), or severe (≥ 1.0 g/L).
Outcomes included complications during ECMO; duration of ECMO, ICU, and hospital stay; and inhospital mortality. Complications included bleeding events, thrombotic events, neurologic events, hepatic dysfunction, renal failure, and new infection. Bleeding events were defined as blood loss requiring a transfusion or intracranial hemorrhage. Thrombotic events included intracranial infarction, limb ischemia, pulmonary embolus, intracardiac thrombus, aortopulmonary shunt thrombus, other sites of thrombosis, and circuit thrombosis requiring replacement of a circuit component. Neurologic events included seizures, intracranial hemorrhage or infarction, and brain death. Hepatic dysfunction was defined as an INR greater than 2. Renal failure was defined as a creatinine greater than 2 mg/dL (> 176.8 μmol/L) or use of in-line hemofiltration or other form of CRRT. New infection was defined as a new culture-or polymerase chain reaction-proven infection diagnosed after ECMO initiation.
Statistical Analysis
Demographics, pre-ECMO status, ECMO system setup and management, and outcome variables were summarized by peak level of hemolysis (Tables 1-4 if they were associated with the outcome being modeled in univariable analysis (p < 0.10) and available for at least 90% of the study days (Supplemental Table 1 Table 3 , Supplemental Digital Content 3, http://links.lww.com/PCC/A744). Second, the final model for each outcome was selected using bidirectional stepwise selection on the potential predictors with a significance criterion of p value of less than 0.05 to enter and stay in the final model. PFH was forced into the final multivariable models of renal failure and mortality on ECMO, but no variables were forced into the final multivariable model of daily PFH. Daily PFH was modeled with linear regression using the identity link function, Gaussian errors, and robust error estimates (Table 5 ). In order to account for the temporality of predictor variables with PFH, PFH was considered as a daily outcome and was modeled based on patient factors and status on that day. For example, we demonstrated that PFH was 16.3 mg/dL higher on days when hemofiltration or CRRT was used. An autoregressive covariance structure of order 1 was specified to account for correlation between PFH on different study days from the same subject. In particular, this accounts for a higher correlation between PFH measurements on study days that are temporally close together but relatively lower correlation between PFH measurements on study days that are far apart. Mortality and renal failure modeling also incorporated the temporality of predictor variables by using timevarying covariates in the Cox models. This allows the models to account for mortality and renal failure hazards that change from day to day corresponding with changes in the predictor variables (Tables 6 and 7 ). Daily data collection was discontinued after decannulation, which leads to censoring in the model of mortality. In particular, deaths occurring after the calendar day of decannulation are not considered by this model. All reported p values were based on two-sided alternatives and considered statistically significant if less than 0.05. Analyses were performed using SAS 9.4 (SAS Institute, Cary, NC). 
RESULTS
Of 216 patients, four (1.9%) had no hemolysis, 67 (31.0%) had mild, 51 (23.6%) had moderate, and 94 (43.5%) had severe hemolysis during ECMO. Neonatal age group, Asian race, and lower body weight were associated with increased peak level of hemolysis (Table 1) . Congenital diaphragmatic hernia and persistent pulmonary hypertension of the newborn were also associated with increased peak level of hemolysis (Table 2) . Regarding ECMO system setup, use of a roller head pump and blood circuit prime was associated with increased peak level of hemolysis (Table 3) . Regarding ECMO management, use of inline hemofiltration or other form of CRRT, higher mean daily ECMO flow rate, higher mean daily heparin dose, and higher mean daily RBC, platelet, and plasma transfusion volumes were associated with increased peak level of hemolysis (Table 3) . Complications and outcomes by peak level of hemolysis are shown in Table 4 . Bleeding events, thrombotic events, neurologic events, hepatic dysfunction, and renal failure were associated with increased peak level of hemolysis. Longer duration of ECMO and inhospital mortality were also associated with increased peak level of hemolysis.
Univariable associations with daily PFH during ECMO are shown in Supplemental Table 1 (Supplemental Digital Content 1, http://links.lww.com/PCC/A742). On multivariable analysis, variables independently associated with higher daily PFH (Table 5 ) included the use of in-line hemofiltration or CRRT, higher hemoglobin, higher total bilirubin, lower heparin infusion dose, lower body weight, lower platelet count, presence of an acute neurologic condition, and absence of acute nonseptic shock, chronic immune dysfunction, and chronic neurologic conditions. Univariable Cox models of renal failure are shown in Supplemental Table 2 (Supplemental Digital Content 2, http:// links.lww.com/PCC/A743). On multivariable Cox analysis, variables independently associated with renal failure during ECMO included higher PFH, higher hemoglobin, higher lactate, and location of ECMO in a PICU (Table 6) . Univariable Cox models of mortality are shown in Supplemental Table 3 (Supplemental Digital Content 3, http://links.lww.com/PCC/ A744). Variables independently associated with mortality included ECPR as the indication for ECMO, higher RBC transfusion volume, lower heparin infusion dose, and lower pH (Table 7) . Mortality was not associated with PFH on multivariable analysis.
DISCUSSION
Nearly all pediatric patients in our ECMO cohort had some degree of hemolysis, and 67.1% had moderate to severe hemolysis (PFH ≥ 0.5 g/L). Using the ELSO registry, O'Brien et al (18) and 2011. Differences in study design, and the frequency and consistency of obtaining PFH measurements likely account for the differences in rates observed. Patient-related factors, ECMO setup and management factors, and various laboratory values were found to be associated with the severity of hemolysis during ECMO in our study. Hemolysis was also found to be associated with several complications during ECMO including renal failure. Whether hemolysis results in renal failure or occurs as a consequence of treatment modalities such as CRRT could not be determined. Hemolysis was not associated with mortality after controlling for other factors. Among patient-related factors, lower body weight was independently associated with higher daily PFH in our study. This finding on multivariable analysis is consistent with the neonatal and infant age groups being associated with higher daily PFH on univariable analyses. Lower body weight is likely associated with increased fetal RBCs which show a greater susceptibility to mechanical stress than adult RBCs (19) . The mechanism for greater hemolysis with lower body weight may also be related to more shear stress with flows through smaller caliber cannulas and blood vessels (19) (20) (21) . Other patient-related factors such as various acute and chronic diagnoses were also found to be independently associated with daily PFH levels. Establishing reasons for these associations is outside the scope of this report; some may represent spurious findings.
Aspects of ECMO setup and management were associated with PFH levels. Lower heparin infusion dose adjusted for body weight (U/kg/min) was independently associated with higher daily PFH. Higher heparin infusion doses could reflect a more Rates of missingness for all predictors considered for modeling are included in Supplemental Table 2 (Supplemental Digital Content 2, http://links.lww. com/PCC/A743). The outcome, renal failure, was never missing. This analysis includes only the 184 subjects without renal failure at baseline; of those, 59 developed renal failure. In addition to the variables used in the model for plasma free hemoglobin, this also uses daily bleeding and thrombosis as potential predictors and forces plasma free hemoglobin in as a predictor. Importantly, need for in-line hemofiltration and continuous renal replacement therapy is not considered as a potential predictor. aggressive management style with some centers titrating heparin dose to higher levels to achieve better anticoagulation or to be consistent with laboratory monitoring algorithms. Another possibility is that the nonanticoagulant effects of heparin including anti-inflammatory properties, inhibition of reactive oxygen species generation, tissue protection and repair properties, and cardiovascular protective effects also decrease hemolysis (22, 23) . Use of in-line hemofiltration or other forms of CRRT was independently associated with higher daily PFH levels. These therapies may contribute to hemolysis by diverting venous flow away from the ECMO circuit thereby contributing to negative inlet pressure (5), providing additional areas of turbulent flow at connector sites, or increasing red cell destruction by mechanical stresses within the CRRT system. CRRT itself is associated with hemolysis (24) . Unlike previous reports we did not find a clear association between hemolysis and use of centrifugal or roller head pumps (18, 25) ; however, roller head pumps were used in only 15 patients (6.9%). Of 201 patients with centrifugal pumps, over 60% had moderate to severe hemolysis based on peak PFH levels. Using the ELSO registry, O'Brien et al (18) found more hemolysis with centrifugal than roller pumps although hemolysis was reported less frequently in the ELSO registry overall. Other potential factors for differences include the type of centrifugal pump used (older versions were known to be associated with hemolysis), and the fact that many patients during the time period in the ELSO report received centrifugal support following cardiac arrest or cardiac surgery. Such factors may also influence hemolysis regardless of pump type. Higher hemoglobin concentration during ECMO was independently associated with higher daily PFH consistent with a recent single-center report (16) . Higher hemoglobin levels increase blood viscosity (26) (27) (28) which may result in more red cell damage as blood traverses the ECMO pump head and oxygenator. In adults, increased hemoglobin and blood viscosity have been associated with cardiovascular and cerebrovascular ischemic events (26) (27) (28) . Although hemoglobin level was an independent predictor of PFH in our study, the volume of RBCs transfused was not an independent predictor. Hemoglobin level and red cell transfusion volume are clinically interrelated; however, our findings suggest that hemoglobin level is the stronger predictor of hemolysis. On the other hand, the volume of RBCs transfused and not daily PFH level was an independent predictor of mortality. Red cell transfusion likely contributes to mortality by mechanisms other than or in addition to hemolysis such as transfusion-related immune dysfunction or lung injury (29) (30) (31) . The optimal hemoglobin level for pediatric ECMO patients is unclear but additional studies focused on transfusion thresholds may improve rates of hemolysis and mortality.
Higher bilirubin concertation and lower platelet count were independently associated with higher daily PFH levels. Hyperbilirubinemia is a known complication of ECMO and hemolysis contributes to an increase in bilirubin production (32) (33) (34) . At high levels, bilirubin can induce apoptosis, inflammation, and oxidative stress which can lead to thrombocytopenia (32, 35) . In addition, hemoglobin-mediated nitric oxide scavenging and reduced plasma nitric oxide can cause thrombocytopenia (11, 36) . Therefore, whereas higher hemoglobin may predispose to hemolysis, higher bilirubin level, and lower platelet count likely occur as a result of hemolysis.
Our findings suggest that hemolysis is associated with complications during ECMO including renal failure. PFH in sufficient amounts can be damaging to the kidney and other organs because of its bioreactivity and prooxidant effects (37) . Similar to our findings, others have shown that PFH predicts acute renal failure during venoarterial ECMO (36, 38) . Hemolysis during combined ECMO and CRRT has been shown to be increased compared with ECMO alone (10) . These reciprocal relationships suggest that use of in-line hemofiltration or CRRT may contribute to worsening renal failure by promoting hemolysis, although the extent is difficult to determine. Our findings also suggest associations between hemolysis and bleeding and thrombotic events, other organ failures, and duration of ECMO. Thrombosis may also be a cause of elevated PFH complicating our understanding of the relationship between hemolysis and thrombotic events.
Hemolysis was not an independent predictor of mortality in our multivariable Cox model; this is in contrast to other research suggesting an association between hemolysis and mortality (5).
PFH was not routinely monitored across all eight CPCCRNaffiliated centers. Consistent monitoring and further inspection of site-specific factors such as circuit setup, laboratory testing, or anticoagulation algorithms may identify best practices that can be prospectively evaluated. The ability to refine ECMO practices to reduce hemolysis and associated morbidities would benefit the field.
Strengths of this study include the multicenter design and daily prospective collection of data. Limitations include recording the PFH levels and other daily data (i.e., laboratory studies, body temperature, and ECMO flow rate) that were obtained closest to 7 am rather than all values and the lack of a standardized protocol for the timing and frequency of PFH levels. Although our definition of renal failure was a creatinine level of greater than 2 mg/dL (> 176.8 μmol/L), it also included the use of in-line hemofiltration, which some practitioners employ to manage fluid status even in the absence of renal failure. This factor is another potential limitation. Missing data for some variables prevented their inclusion in multivariable models. Although many variables were evaluated, potential unmeasured confounders exist. Importantly, this is an observational study and the associations observed do not infer causation.
CONCLUSIONS
Our findings suggest that nearly all pediatric patients undergoing ECMO have some degree of hemolysis. Hemolysis may contribute to the development of renal failure, and therapies used to manage renal failure such as in-line hemofiltration and CRRT may contribute to hemolysis. Hemolysis was also associated with other morbidities. Our findings suggest that monitoring for hemolysis should be a routine component of ECMO practice, and efforts to reduce hemolysis may improve patient care.
